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II

A review of literature on soil stabilization by electrical methods
is presented, with particular emphasis on the techniques that might be ap-
plied by the military to improve mobility of surface vehicles over very wet
and unstable fine-grained soils. The mechanics of the phenomenon of
electroosmosis in soils are described, and the quantitative expressions
for electroosmotic flow based on the theories of Helmholtz-Smoluchowski
and Schmid are compared. It is apparent that the applicability of the
theoretical concepts and their validity in relation to practical engineer-
ing problems remain to be established.

Based on accounts of numerous successful practical field operations,
it is known that certain definite benefits are derived from the application
of an electric current to wet, fine-grained soils. In addition to enhanc-
ing drainage of soils of relatively low permeabilities, the process of
electroosmosis results in a consolidation of the soil that contributes to
an impro-Ted strength and stability.

It has been dezaonstrated that an irreversible electrochemical harden-
ing of soils containing clay occurs when aluminum electrodes are employed
in the electroosmosis process. This phenomenon has resulted in the de-
velopment of techniques for increasing the bearing capacity of piles, and
has been explored for its possible applicability in soil reclamation and
chemical injection processes.

For possible military application, electrokinetic stabilization ap-

pears to have many advantages over techniques of soil stabilization involv-
ing the use of additives, particularly for very Let soils. Its primary
disadvantage appears to be the excessive length of time required to achieve
stabilization. Broad areas of research are suggested that would permit an
objective evaluation of electrokinetic methods for soil stabilization in
military operations.

vii t



SUMMARY REVIEWS OF SOIL STABIL:I Z4UTION PROCESSES

ELECTRICAL STABILIZATION OF FINE-GRAINED SOILS

PART I: INTRODUCTION

4j
Purpose of Review

1. Thd search for new and more effective methods of improving the

stability of natural soils led, as early as 1936, to investigations of the

feasibility of soil stabilization by the application of electrical cux-

rents. Much research and many practical applications of electrical stabi-

lization of soils have been reported since that time. The precise mecha-

nisms involved and the manner in which many factors influence electrical

stabilization, however, appear more to be theorized than established. Un-

less the mechanisms of such stabilization are understood in detail, little

progress may be expected in field applications of this unique method of

soil stabilization. The intent of this review is to summarize available

information published in the technical literature concerned with the in-

fluence of an electrical current on soil properties, and to determine the

practicability of electrical methods of soil stabilization in military

operations, such as their possible application in stabilizing emergency

military roads and airfields. It is hoped that this review will serve both

to guide and to stimulate further investigations.

Scope

2. The information presented in this review has been obtained solely

from material published in or translated to English. Although it is ob-

viously not a complete survey because of this limitation, it is believed

that a reasonably thorough summary of the current state of the art has been

obtained. Literature from a number of scientific and engineering fields,

including soil mechanics, geology, mineralogy, soil physics, and soil chem-

istry, has been examined for possible illuminating relations to the problem

at hand. Part II herein is devoted to a brief summary of the fundamental

I.5ur .- + - --
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PART II: THEORY OF ELtCTROKINETICS IN SOI

- Before an evaluation of electrical stabilization methods can be

made, it is believed desirable to review briefly the basic electrokinetic

concepts. A brief description of the history end ..voliron of several con-

cepts is therefore offered in the following paragraphb...

W Early 0b ervations

5. In 1809, Reuss reported the results of several experiments in

which he observed the first of four primary processes which have since

been termed the "electrokinetic phenomena." He noted that when a direct

current potential was placed across a clay or fine quartz layer, water

migrated toward the negative pole. It was later found that clay particles

suspended in water carried a negative charge, and thus were drawn toward

the anode in an electric field. These processes have been termed "electro-

osmosis" and Itelectrophoresis " respectively. It was evident that they

were dependent upon some charge differential which existed at the inter-

faces of a solid-liquid system.

6. Since it was established that the application of a current

through a solid-liquid system caused a movement of each phase to one of

the electrodes, it might be anticipated that a reverse effect would also

exist. That is, the movement of either phase relative to the other should

produce an electric potential. In 1859, Quincke noted that a potential

difference existed across a diaphragm through which a liquid flowed under

hydrostatic pressure. This potential was termed "streeming potential" and

is the converse effect of the electroosmosis process. Somewhat later

(1878), Dorn conducted tests in which a potential was observed as a result

of movement of solids in suspension. This potential, representing the con-

verse effect of electrophoresis, has been termed "sedimentation potential."

Investigations of the electrokinetic processes during the period from 1809
to 1879 thus were devoted primarily to the recognition of the phenomena,

their classification, and attempts to derive empirical expressions for

their explanation.
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Double Layer Theory

7. In 1879, Helmholtz presented an analysis of electroosmosis based
on the electric "double layez" concept. This provided the first rational
approach to the explanation of electrokinetic phenomena in terms of the
fundamental equations of electrostatics and hydrodynamics. The theoretical
treatment by Helmholtz was based on the assumption that, in the two-phase
solid-liquid system, a layer of ions exists at the solid surface which is

countered by a rigidly held parallel layer of oppo-
- + site charges in the adjacent liquid. A simple il-+ lustration of the Helmholtz double layer system is

-I+
-1 + given in fig. 1. It should be noted that, although
-1 + the negative charges are shown to be in the liquid
-1+I phase of the system, these ions are adsorbed by the"I + qo

SL + solid structure and rigidly held thereto by coulombic
KI

-1 + forces. By considering that the oppositely charged
+ layers are at molecular distances from each other,

\;+

-1 + the system may be treated mathematically as a simple
"-1 + parallel-plate condenser and the electrical potential
- I

difference, AýP , across the double layer may be deter-
Fig. 1. Model mined by the expression:
of the Helmholtz kned

double layer D? _
D

where all dimensions are in centimeters and electrostatic units and

e = charge per unit area

d = distance between parallel plates

D = dielectric constant of material between plates
8. Although the Helmholtz theory of the double layer provided a

quantitative explanation of electrokinetic phenomena, later considerations
indicated that the concept of the rigid array of charges at the interface
was inadequate. A more reasonable structure was the "diffuse double layer"
proposed by Gouy and extended later by Stern and others. According to this
concept, the double layer is composed of two layers: (a) an inner, fixed
layer consisting primarily of ions adsorbed by the solid surface along with
a tightly held layer of the adjacent liquid, and (b) an outer, mobile layer
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consisting predominantly of the FIXED MOBILE

countercharges necessary to elec-

trically balance the fixed layer.
+ +A model of the diffuse double layer - + +

is shown in fig. 2. In reality, - + +

there is an atmosphere of both
poitvean ngaie hage i ZOLD+ + LIQUID

the two layers, but for practical \7+" + + +

+
purposes it will be sufficient to +

consider the fixed layer as nega- - + +

tive and the mobile portion of the

double layer as positive.
In the diffuse double Fig. 2. Model of the diffuse9. I thediffse dubledouble layer

layer concept, two primary poten- d l

tial drops are recognized. The first, or "thermodynamic" potential, is the

total potential difference between the actual solid phase and liquid phase

outside the zone of the diffuse layer. Thus, the thermodynamic potential [4
is the maximum potential difference that exists in a solid-liquid system.

The second potential, termed the "zeta" (or frequently referred to as the

"electrokinetic") potential, is the difference in potential between the

fixed portion of the diffuse layer and the liquid outside the diffuse layer.

A typical distance-potential

relation, showing the ther-

modynamic and zeta poten-

BOUNDARY BETWEEN II a, ivn ±fItg.

FIXED AND MOBILE

SLAYERS 10. Using the plate
r THERMODYNAMIC condenser assumptioi, ofI ~POTENTIAL L

SHelmholtz, the basic mathe-

0 •matical expression of the
I :zeta potential is the same

as that given in paragraph

_ 7. Quantitatively, the

DISTANCE FROM SOLID SURFACE zeta potential is dependent

Fig . Distance-potential relation for upon the combined influence

Ssolid and liquid in contact of several complex and

amI
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generally interrelated factors. Among the more important factors are:

(a) the composition of the solid phase, (b) the nature of the liquid phase,
(c) the concentration of electrolytes in the liquid, (d) the valence and

nature of the ions forming the double layer, (e) the strength of the elec-

trostatic forces, and (f) the temperature of the solid-liquid system. Al-
though a detailed discussion of these factors is beyond the scope of this

review, the existence of these variables and the manner in which they are
related must be considered in any study of electrokinetic phenomena. These j
considerations are particularly important in avoiding misinterpretation of
the zeta potential, since it cannot be measured directly but must be de-
duced from carefully controlled experiments and observations during an
electrokinetic process. II

The Electroosmotic Phenomenon in Soils

11. When a direct current is applied by means of embedded electrodes
to a saturated fine-grained soil, a migration of the pore water to the
cathode generally will occur. The mechanics of this phenomenon, electro-
osmosis, as described by Leo Casagrande,9 are summarized here briefly with
the aid oz fig. 4a. This treatment is based on the assumptions that the
saturated pores are water-filled capillaries, that the pore width is large
compared with the thickness of the double layer, and that the principles
of the Helmholtz flat-plate condenser concept are applicable. Consider a
capillary tube filled with water with an electrical current flowing from
the anode to the cathode. The charged layers at the wall of the capillary'
(the double layer) are treated as the plates of a condenser, the difference
in potential between the plates being the zeta potential. Outside the zone i
of the double layer boundary, the capillary contains free water which is
able to move under the influence of a hydraulic gradient. When an external
electrical field is applied to this system, a displacement force is es-
tablished in the double layer which causes a migration of ions in the

thicker, mobile portion of the double layer to the oppositely charged elec-
trodes. In soils, this is predominantly a movement of positive charges
toward the negative electrode; however, in rare cases, a net negative

* Raised numerals refer to similarly numbered items in the list of refer-
ences at end of text.



RESIST 1RES1

DOUBLE LAYER + 4 + + + + DOUBLE LAYER RFES1STIN0
if ER ~FORCEa,

FREE WATER VELOCITY MOVING FREE WATER VELOCITY MOVING
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FROM L. CASAGRANDO (REF- 9)

a. Electroosmotic flow b. Hydraulic flow

Fig. 4. Velocity distribution in electroosmotic and hydraulic flow

charge may exist in the mobile part of the double layer that will result

in a migration toward the anode. In this migration toward the electrode.,

frictional forces are developed which "drag" along the water molecules in

the movable portion of the double layer. These forces are transmitted

also to the free water inside the capillary cylinder which, assuming no

external hydraulic gradient, causes a movement of this water in the same

direction. When the electrical forces and frictional forces are balanced,

a steady-state volume flow of water occurs. The velocity distribution of
electroosmotic flow is shown in fig. 4a. Examination of figs. 4ha and 4b

shows a comparison of electroo5motic flow, with ordinary flow due to a hy-

draulic gradient. As shown, the hydraulic flow of water through fine i!
capillaries is laminar, with, for all practical considerations, a zero

velocity at the boundary between the free water and the double layer.

Helmholt z-Smoluchowski Theory

12. Equations for quantitatively expressing the electroosmotic 1'

phenomenon described above were derive@ by Smoluchowski in his extension !!

to porous systems of the basic Helmholtz electrokinetic concepts. From a :j

consideration of the assumptions of the basic Helmholtz-Smoluchowski

- 'I



8

theory, the following expression for electroosmotic flow through a capil-

lary has been developed:

q e I T I -1 7 L 
I

where all dimensions are in cm-g-sec system and electrostatic units and

qe = volume of liquid moved per unit time

D = dielectric constant of liquid in the double layer

S= electrokinetic (zeta) potential of the double layer

a = cross-sectional area of the capillary

E = electrical potential between electrodes in volts

S= viscosity of the liquid

L = distance between electrodes
By substituting ie (the potential gradient) for E and c (a constant)

DLeL c1for Dequation 1 may be written as

qe = "e a (2) j
or in terms of the velocity of flow!per unit time) as

ve = c1 • e (3)

Extension o'f equations 2 and 3 to a porous system, such as soil, containing

many capillaries over a given cross-sectional area results in expressions

for quantity and velocity oZ electroosmotic flow in terms of the porosity,

or void ratio, of the system. Thus, for a soil mass of porosity n (or

void ratio e) and total cross-sectional area A , the total volume of

liquid transported per unit time during electroosmosis may be determined
from

Qe =k " ie e A (2)

and velocity of flow per unit time may be determined from

v = k e (5)ee e eI
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where

e
ke = -c ,o 1 P e C

The quantity ke is called the electroosmotic coefficient of permeability

(or, less frequently, the electroosmotic transmission constant). It

represents the volume of' liquid moved per unit time through a unit area of
soil under a potential gradient of 1 volt per unit length. In the cm-g-sec

system, ke has the dimensions square centimeters per second-volt, whiche
is more easily visualized as centimeters per second for a potential gradi-

ent of 1 volt per cm.

13. Equation 5 for electroosmotic flow is directly analogous to

hydraulic flow as defined by Darcy's law and the corresponding equation

h •h (6)

where

kh hydraulic coefficient of permeability in centimeters per second

h= hydraulic gradient

Further, from the basic Poiseuille equation governing laminar flow, it can

be shown that rLI ek a • n • c2 or a 1-+ e

where

a = cross-sectional area of an individual capillary in square

centimeters

co = a constant dependent upon properties of the liquid

Thus, it is evident that the hydraulic coefficient of permeability and,

therefore the velocity of flow are proportional to the area of the

capillaries. On the other hand, in electroosmotic flow, the coefficient II
ke and the velocity of flow are independent of the size of the

capillaries.9

Schmid Theory

14. In 1951, Schmid presented a theory of electroosmotic flow based
4on •t simplification of the distribution of ions in the double layer. The
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theory is claimed to be of particular value in regard to flow in micro-

porous systems such as fine membranes, ultrafilters, adscrbents, and

lacquer films, where the assumption in the Helmholtz-Smoluchowski theory

of small double layer thickness in relation to total pore diameter becomes

untenable.52 The Schmid calculations are based on the assumptions that

the pore diameter is small in comparison with the thickness of the double

layer, and that the counterions are uniformly distributed throughout the 1
entire liquid volume. Thus, the applied electric potential would act on
all the counterions rather than only on those attached to the double layer
as in the Helmholtz-Smoluchowski concept. The basic equation derived by
Schmid is 4

Pe =F•E (V) 4

where

Pe = electroosmotic equilibrium head in centimeters of water

F = the Faraday constant (9.65 x 10 coulombs)
= the adsorbed ion concentration (or concentration of wall

charges) in gram-equivalents per liter of pore liquid

E = the applied potential in volts
Wintrkor52

. 15. From the fundamental Schmid equations, Winterhorn has derived ic
the following equation

q x . B -F a(8) 0qe =- "IT . F. a. e
where -

'qe '1 a, i ,and F are as defined previously fq

B concentration of wall charges in ionic equivalents per unit 0volume of pore liquid

The total flow volume per unit time over a. porous system of area A and del
porosity n becomes wag

Qe cr" B - F n i A (9) we&
ee

This equation can be expressed in the form of equation 4 where the coef- an4
ficient of electroosmotic permeability is represented by He



k =-- B "F•n

which is further reduced by Winterkorn52 to the form

IC ~~l~n2/3 n3

where
C a soil constant that varies with temperature

As expressed above, the value of Ite is a logarithmic function of the

porosity and is dependent upon the radius of the capillary. By contrast,

the value of k in the Helmholtz-Smoluchowski derivation is directlye
proportional to the porosity and is independent of the radius of the

capillary.

Theory Comarisons

16. In comparing the general aspects of the theories of electro-

osmosis described, it is apparent that the major characteristic quantity

of the Helmholtz-Smoluchowski theory is the zeta potential, whereas the

ion concentration in the pore fluid is the important characteristic of the

Schmid theory. Inasmuch as the zeta potential quantity must be determined

from measurements of electroosmotic flow or streaming potential tests, an

I advantage is claimed for the Schmid theory in that the ion concentration

can conceivably be determined by a direct method such as ion exchange.1 6

Perhaps equally as i~portant, both theories depend upon assumed values L-i
for the dielectric constant and the viscosity of the pore fluid, which

often may be a sourre of significant error.

17. Winterkorn52 presented experimental evidence to compare and

determine the validity of both theories. An electroosmosis apparatus

was employed that was designed to permit the measurement of the electro-

osmotic coefficient of permeability ke at various porosities n which

were kept constant throughout each test. From the results of tests on a

kaolinite and a bentonite, it was concluded that the relation between ke
and n is in agreement with the Schmid theory and in contradiction to the

Helmholtz theory. It was recognized, also, that the Schmid concept does

I
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not take into account the hydration of the clay particles mnd their ex-

change ions, and that consequently the Schmid concept must be modified

to include the swelling characteristics of the clay system.10 •
18. Casagrande, in commenting on the work of Winterkorn, states

that the results cannot be used to prove or disprove the Schmid theory

because (a) gas formations at the electrodes so greatly influence the ve-

locity measurements that the quantitative results are useless as a basis

for checking theories, and (b) soil samples shrink irregularly during

electroosmosis and therefore a constant porosity of the sample cannot be
maintained. He further states that some of the relations determined may
be explained by the fact that, with increasing porosity, the increased

mobility of individual particles leads to electrophoresis with a resultant

decrease in electroosmotic flow.
19. Bl,4by consideration of average values of pore diameter, •

thickness of double layer, and distance between charges on the solid sur-

face, reasons that the application of the Schmid equation for a typical
heavy clay soil would be valid only if the moisture content of the soil
was 5% or less. On this basis, he concludes that the Schmid concept of
electroosmosis for the specific case of soils is unsatisfactory. This
contention was supported by experiments by Harvard University on various
clay systems which showed that the observed variations of electroosmotic
flow with permeability and porosity were compatible with the predictions

based on the Helmholtz-Smoluchowski equations and in no way supported the
applicability of the Schmid equations to these systems.

20. It is likely that neither of the two major theories of electro-
osmosis is exact, but that they represent only an orderly and simplified

presentation of an extremely complex problem. This becomes more apparentwith the realization that highly complicated changes occur within a system

itself during the electroosmotic process, and none of the presently em-

ployed philosophies can predict these alterations with certainty. Applica-
tion of these theoretical tools, however, in combination with experience

and increased knowledge of soil-water systems has resulted in greater con-

fidence in the designs and practical utility of electroosmosis equipment
and techniques in field engineering problems.

I.I
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PART III: EFFECTS OF ELECTROOSMOSIS

21. Although extensive industrial applications of the electro-
kinetic phenomena have been made since the turn of the century, only since

about 1930 have these processes been considered as a means of treating

soils for engineering purposes. The development of practical electro-

osmotic stabilization methods for soils is attributed primarily to the

efforts of Leo Casagrande. Since the time of these pioneer efforts, the

versatility and desirability of electroosmotic staoilization for practical

field application have been increasingly recognized. The most common use

of the method has been for the stabilization of steep slopes created by

excavation in wet, fine-grained soils. The fundamental technique of elec-

troosmosis consists of connecting a source of direct current to a series

of metal electrodes which are embedded in a saturated soil. The current
will cause the pore water to flow toward one of the electrodes, in most

cases toward the cathode. A phenomenon of base exchange may also occur

during the process in which the ions attached to the surface of clay min-

erals will be exchanged with other ions of like polarity that are present

in the pore water or that are carried in by the electric current.

Electroosmotic Dewatering

22. The primary effect of passing a current through a wet soil is

the dewatering or drying of the mass. Most fine-grained, clay soils are

stable at low water contents, but become increasingly fluid and less

stable as the water content increases. Because of the relatively low

permeabilities of clay soils, drainage by normal gravity flow often can-

not be accomplished and electroosmosis becomes of value. The reduction

of water content by only a slight amount, accompanied generally by other

changes in the soil structure, can be sufficient to produce the required

soil stability. Since natural clay particles have an effective net

negative charge, an electroosmotic flow will occur from the anode to the

cathode when a direct current is applied through the soil mass. Thus,

the soil water content will decrease at the anode and increase at the

cathode. The water accumulated at the cathode may be disposed of by
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installing a well-system cathode with a pump discharge.

23. According to the relations described earlier., the electro-

osmotic flow velocity at any point in a soil mass is proportional to the
electric potential gradient at that point. The potential gradient depends
upon the total available potential difference and the electrode configura-
tion, and may be determined at any point between the electrodes from a
developed flow net. For a particular total potential difference, the flow
net is a function of the size, shape, and spacing of the electrodes. In
Lost cases, a natural hydraulic flow will exist in a soil mass, which may

either oppose or aid electroosmotic flow. Schaad and Haefeli37 have ex-
tended the electroosmotic flow equations for porous materials to include
the combined influence of hydraulic and electrokinetic actions. The field
design and capabilities of an electroosmotic flow system may be determined
'by hydraulic or electric analog model studies. Normally, this requires
knowledge of the existing hydraulic flow net, establishment of the hy-
draulic flow boundary conditions in a model, and determinations of the con-
tribution of electroosmotic drainage designs to the resultant flows.

24. The significance of the effect of electroosmosis on the drain-
ing of soils, particularly silts and clays of low natural permeabilities,
has been aptly described by Casagrande. From studies of a wide
variety of soils, it has been observed that the coefficient of electro-
osmotic permeability is relatively independent of the soil type and its
characteristic hydraulic permeability. Casagrande considers that, for all
practical purposes, an average coefficient of electroosmotic permeability
of 0.5 x 10 cm per sec for a potential gradient of 1 volt per cm may be
assumed for most saturated fine-grained soils. Where greater precision is
required, however, caution must be exercised in assigning a value for the
electroosmotic permeability since it is dependent upon the zeta poteh..ial,
which varies with the nature of the solid-liquid interface and is influ-

enced by the type of adsorbed counterions and electrolyte concentra-
tion.16,27 Similarly, for nonsaturated soil conditions the coefficient
varies with the moisture content or porosity of the soil. 5 0 ,'5 2  In any
event, it becomes apparent that a soil of extremely low natural permeabil-
ity would be benefited significantly by the increased permeability afforded

by electroosmosis. With soils of greater natural permeability, the
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advantage of electroosmotic drainage becomes proportionally less. It

should be mentioned that, although the electroosmotic permeabilities of
soils may be nearly identical, the conductivity of the soils is not neces-

sarily the same. Thus, the required electrical energy for electroosmotic

drainage may differ appreciably for different soils even though the quan-

tity of water moved by electroosmosis may be the same. In general, the

amount of electricity required to move a given unit quantity of water

increases with increasing soil surface area (.i.e. decreasing paErticle I
8;44

size).

Electroosmotic Consolidation

25. In addition to the removal of water, the process of electro-

osmosis causes consolidation of the soil. The decrease in volume of a J j
compressible soil during electroosmosis contributes significantly to the

increase in strength end improved stability of the soil. It is believed

that much of the success of electroosmosis in practical field installa-

tions is due to this attendant effect. Although consolidation of a soil

by electroosmosis is an established fact based on observations made in

the field and laboratory by numerous investigators, much work still is

needed to provide a better understanding and working concept of this

phenomenon.9,1O,12, 14, 25,30,37,48 most of 'the consolidation studies,
it was generally determined that the effect of electroosmosis was similar

to providing an additional load to an existing static load in the con-
8solidation theory. As described by Casagrande, observed settlements of

the ground surface in the areas of the electrodes were larger than could

be accounted for by the development of negative stresses in the pore water.

Laboratory model tests showed that without surcharge, practically no r

volume decrease occurred during electroosmosis. When the soil specimens 30
were surcharged, however, appreciable volume decrease occurred. Preece,

by alternately applying static loads and potential, showed that consolida-

tion under additional equal increments of static load is materially de-

creased after electroosmotic treatment. From comparisons of electro-

osmotic loading with normal static loading consolidation curves, he sug-

gests that electroosmosis produces a stabilizing effect distinct from the
48increase in stability due to consolidation alone. Vey developed

I
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expressions for quantitative determination of the effects of electroosmosis

on consolidation. He further states that the effective load increase,

representing the electroosmotic pressure, acts both by removing moisture

from the pores and by creating pore water tensions which ultimately become

balanced by intergranular pressures developed upon consolidation.

26. Casagrande has described the phenomenon of consolidation of

compressible soils by electroosmosis in terms of the stresses developed

in the pore liquid and the walls of the capillaries. The existence of

these stresses, their distributiun, and their contribution to increased

strength and stability of soils subjected to electroosmosis have been

examined extensively in a series of investigations conducted by Harvard
15,16,17Thtteefreplyai-University for the Navy Department. That these forces play an im-

portant role in the electroosmotic processes appears to be an established

fact, but it is believed that much additional work is required to establish

their full significance.

Field Applications

Examples

27. The first successful application of electroosmosis for con-

trolling unstable soil conditions was made in 1939, in an excavation of a

long railroad cut in Germany, under the direction of Casagrande.9 Exten-

sive flow slides of a saturated clayey silt at a shallow excavation depth

had impeded construction progress. In a 300-ft-long trial section, per-
forated steel pipe cathodes were spaced at 30-ft intervals along the top

and sides of the excavation and driven to a depth of 22.5 ft. Pipe anodes

were placed midway between the cathodes, and a potential of 180 volts
(later decreased to 90 volts) was applied to the system. Within a few

hours, the stability of the slopes had improved sufficiently to permit

further excavation. Total consumption of energy amounted to about 1 kwhr

per cu yd of excavation.

28. Based on the encouraging results of this successful trial of

electroosmosis technique, the method was extended to other construction

problems by Casagrande and others. The majority of work of this type has

been done in European countries. Special applications include, in addition
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to improving tA'e stability of slopes, the stabilization of vertical soil

walls and trea~z:;, stabilization of tunnel excavations, decreasing the

water contents of industrial wastes, and increasing the bearing capacities
of friction piles.9u1O022'2 4 '3032k'44 Detailed accounts of these applica-

tions are repeated throughout the literature and will not be given herein.

In most cases the ultimate purpose of the electroosmosis was to increase
stability by water removal. It has been dem~onstrated repeatedly that a

large reduction in water content is not required to effect a significant

improvement in strength and stability. Reductions in moi re content of

as little as 1 to 3% have been shown to more than double the strength prop-

erties of soils. Also, certain situations are recorded wherein moisture t
contents were reduced negligibly, but stability was improved by merely

changing the direction of hydraulic flow away from the critical area and

reducing the hydrostatic pressures involved.

Equipment

29. Field installations for electroosmotic drainage are basically

simple and inexpensive. Ordinary steel pipe, drilled to provide water

exits, serves conveniently as cathodes. If a more refined drainage system

is desired, wellpoints may be used. Anodes may consist of any type of

scrap iron, such as rails or pipes, and in certain %pplications, sheet I
piling at the faces of cuts may constitute the anode. The anodes corrode i
rather severely during electroosmosisy but the cathodes do not corrode

and may be salvaged for re-use. Spacing of electrodes between 12 and 16 ft I

apart, with potentials varying between 30 and 180 volts, has proved to be _

effective and economical according to Casagrande. For long-term applica-

tion, a potential gradient of from I to 2 volts per cm during the first

few hours is desirable to cause a more rapid build-up of tension in the

pore water, with the potential gradient reduced thereafter to a value no

greater than about 1/2 volt per cm. Methods have been presented to pro-

vide estimates of electrical current requirements for electroosmosis ini

the field.8'31:47 Because electroosmotic stabilization appears to be rea-

sonably permanent, the power supply may be interrupted periodically without

harmful effects. The feasibility of intermittent electroosmotic operation,

with the resulting savings in power and cost, has been studied by the

Bureau of Reclamation.
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PART IV: ELECTROCHEZMICAL STABILIZATION

30. Electrochemical hardening of the soil may take place by the dep-

osition of decomposed metal salts in the soil pores. It may also occur if

these salts react with free agents present in the pore water or on the sur-

face of the soil particles. Practically all attempts to utilize electro-

chemical hardening appear to have been in the realm of pile stabilization

rather than stabilization of large soil masses. The results of such tests

indicate that hardening occurs only in the immediate vicinity (10 to 14

in.) of the electrodes. Thus, it appears that in order to use electro-
chemical hardening for stabilization of large masses, present procedures

must be improved.
631. Casagrande has reported that all clay-containing soils are

capable of electrochemical hardening. It is generally agreed that onlg

aluminum electrodes produce permanent, irreversible electrochemical harden-
ing and that even introduction of aluminum salts resalts in a temporary
stabilization only.6.,14120, 21.,26,38,40, 53

Piles

32. In 1930, Casagrande discovered that electroosmosis combined
with aluminum anodes results in an irreversible hardening of clays. All
metal anodes tested other than aluminum produced only a temporary harden-
ing of the clay which was lost when the soil was slaked in water for a

short time. On ýhe other hand, soils treated in conjunction with aluminum
electrodes retained their strength during a three-year slaking period. 0
Evidence of strong corrosion of aluminum electrodes has been noted in all

cases, particularly the anode. This, plus the presence of insoluble salt
* deposits in the soil adjacent to the electrodes, indicates that physical

decomposition of the electrodes takes place.

33- On the basis of favorable model test results, Casagrande6 con-
ducted a full-scale test in 1937. Six 1-ft-diameter wooden piles,
sheathed with aluminum, were driven to a depth of about 20 ft. The bearing

capacity of the piles was found to be 7 to 9 tons per pile before treat-
ment. A potential of 220 volts, which resulted in 40 to 60 amp of current,
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was typlied to the piles in various combinations. Intermittent loading

tests showed that the piles reached a maximum bearing capacity of about

40 tons per pile after about 30 kwhr of energy had been consumed, and that

further treatment resulted in decreased bearing capacity. This apparent

optimum amount of treatment was later confirmed by laboratory experiments.

Withdrawal of the piles upon completion of the tests showed that soil had

become firmly bonded to the aluminum sheaths and that the soil between the

electrodes was apparently unaltered.

34. Spangler and King conducted model pile studies in an attempt

to explain the above-mentioned optimum treatment phenomenon. They attrib-

uted the ultimate decrease in bearing capacity to a gradual reduction in

the skin friction due to the increased amounts of powdery salts deposited

around the electrodes. It is obvious that pile foundations are particu-

larly adaptable to electrochemical stabilization since the piles may be

used as electrodes.

Electrochemical Injection

35. An intriguing possibility is the use of electricity to increase

the speed of a chemical reaction in soil to be stabilized or to furnish ad- K
ditional ions to assist in the occurrence of the base exchange phenomenon.

Casagrande has stated that the base exchange process is very slow, and

that in clays the spreading rate of base exchange decreases with the dis-

tance from the electrodes. Thus, it is probable that in practical applica-

tions the strength increase as a result of base exchange will not be of'

major importance. f

36. The use of electrical treatment of soil for reclaiming alkali

and saline-alkali soils has been investigated by the U. S. Bureau of

Reclamation.47 A model tank was filled with highly saline-alkaline soil

to which leaching and electrical treatment were applied under controlled

conditions similar to possible field applications. The soil and water were

sampled periodically, and systematic tests were conducted on these samples

to determine the changes in characteristics resulting from electrical

treatment in relation to those resulting from leaching treatment without

electricity. These tests showed that electrical treatment alone cannot be

II
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considered a complete process of alkali soil reclamation. Salts, princi-

pally those of sodium, exist in alkali soils in large quantities. There

must be some means of carrying them off, and electricity alone does not

adequately supply this means although it does assist in moving the salts

from anode to cathode. Adequate leaching and drainage may supply this Soil st

means. The favorable effects of electrical treatment are those causing problm

desirable reactions in the soil which leaching without electricity does

not achieve. The aim of past research on improving the stability of alkali stateme

soils has been to cause similar desirable reactions, such as by chemical methods

amendment, to assist the effectiveness of leaching and drainage. The re- for mil

sults of these tests show that electrical treatment causes these desirable of the

reactions to occur, and thereby boosts the rate and potential quantity of materia

ionic base exchange reactions. The actual quantitative value of strength road an

increase due to ionic base exchange remains to be investigated, forces.

37. Electrochemical injection could possibly be used in certain treatme:

heavy soils of such low permeability that mechanical pressure injection to prov.

or grouting processes would be unsatisfactory. This method seems rarticu- of suppi

larly desirable since the direction and extent of fluid penetration may be soils hi

closely controlled by the electrode spacing and configuration. Very few chemica:

actual tests of electrochemical injection cechniques are reported in avail- it is a

able literature;20,35 however, it has been stated37 that the object of initial

such injection is to form stable combinations, such as occur in nature, by very wel

the use of cheap, soluble salts. It is suggested that certain liquid ered as
* resins, as well as silicate solutions, might b, examined as possible satis- 35

factory electrochemical injection materials. process
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PART V: DISCUSSION AND SUGGESTIONS FOR NEEDED RFEUEARCH

Applicability for Military Soil Stabilization

Soil stabilization
problem and requirements

38. Based on the preceding review, it is possible to make certain

statements about the specific advantages or limitations of electrokinetic

methods, particularly with reference to the usefulness of these techniques

for military soil stabilization applications. One of the major objectives

of the present military soil stabilization research program is to develop

materials or methods capable of strengthening soils for use in emergency
I

road and airfield construction to improve the mobility of the military

forces. The general approach employed to date has involved the in-place

treatment of soils, particularly the water-susceptible clay and silt types,

to provide a sufficiently firm soil surface layer of finite depth capable

of supporting traffic of specified loads and frequencies. Where areas of

soils having moderate initial stability are encountered, the application of

chemical soil stabilizers appears to afford a logical solution. However,

it is anticipated that areas of excessively wet soils, with practically no

initial stability, will also be encountered. It is particularly for this

very wet soil condition that electrokinetic techniques are being consid-

ered as possible solutions to the stabilization problem.

39. In terms of specific requirements, a stabilization method or[ process is desired thal Is relatively simple in operation and nonhazardous

to operating personnel. Required equipment should be reanonably portable

and, if possible, capable of being re-used. The stabilizing method must

be able to achieve the desired degree of stability within a short period of

time. Although it is desired in most instances that the stabilization

achieved be reasonably permanent and resistant to adverse weather condi-

tions, certain military operations require the passage of' only a relatively

small number of supporting vehicles for only a short period of time. In

these cases, permanency of stabilization would not be necessary. Perhaps

the most important requirement to be satisfied is that of obtaining suffi-

cient strength in the stabilized soil layer to enable it to withstand the

Iit
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applied loads. For a soil having a water content near saturation, this exc
demands an improvement in strength from a condition of practically no sta- ele

bility to one of an estimated 4 to 5 CBR bearing strength. This is roughly be
equivalent to an unconfined compressive strength of 25 to 30 psi. A soil a c
of this strength will normally tolerate the passage of about 40 to 50 cargo- pur
truck type vehicles, but with progressively increasing rut depths. rap
Advantages and limitations

40. Upon consideration of the above requirements, electrokinetic

stabilization methods appear to have several advantages over techniques of

stabilization involving the use of additives to harden very wet soils. not
The equipment required to accomplish electrokinetic stabilization is nct of
complex, and consists of components which are readily transportable by -la

existing military vehicles. These include items such as gasoline-powered

generators, wiring, metal electrodes, and possibly a simple pumping system elei
to assist in the removal of water accumulated in the vicinity of the cath- tiol

odes. Once the eiipment has been installed, the process would proceed resj
with minimum surveillance and attendance by operating personnel. With the Js

exception of possible deterioration or inability to salvage the easily re- the
placeable electrodes, the equipment involved can be utilized over and over the
again. Of primary benefit is the fact that electrokinetic methods do not ing
require construction operations such as in-place mixing of additives and exii
compaction which are virtually impossible to accomplish with existing field rep(
construction equipment on very soft and unstable soil. In addition, the conk
depth of required stabilization does not constitute a problem when electro- trol
kinetic treatment is employed. Gou]

41. The applicability of electrokinetic stabilization for military it I
purposes is limited to a considerable extent by the rather long periods of dral
time required to achieve substantial changes in soil stability. With tior
reference to the electroosmotic or dewatering process, several days may impr
be involved in the operation. However, before the time limitation is con- seve
sidered to be a severe disadvantage, a more thorough understanding of the poss
early effects of electrical treatment is desirable. Thus. the time de- of a

'ficiency problem may, in reality, be one of the degree of effectiveness foun
Sthat is at-uainable in a given situation, or it may be susceptible to corpcircumvention or improvement by specially designed techniques. For an i

Fori I I i inii
Si I I I
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example, it has been shown that pieces of metal placed between the active

electrodes behave as if they were actually in the circuit. Thus, it might

be possible to achieve the benefits of very close electrode spacing without

a complex maze of wiring. By incorporating metal sheets or mesh for this

purpose, it is possible that stabilization could be accomplished more

rapidly.
42. Even if the time requirement imposes a real limitation, the pos-

sible utility of electrokinetic methods for ritti trs stabilization is not

necessarily eliminated. There are situations in which the time factor may

not be critical. For example, advanced planning may permit the stabilizing

of areas such as supplementary bridge approaches and roads or missile-

launching sites well ahead of the actual military need.

43. The extent of strength development that can be accomplished by

electrokinetic stabilization is dependent upon the particular surface condi- j
tion encountered. Successful field application has demonstrated that soils I'

respond to electrical treatment in a complex manner. The removal of water

is generally accompanied by significant consolidation of the soil while, at

the same time, irreversible reactions or alterations of the chemistry of

the soil itself may take place. The ultimate strength development result-

ing from these interrelated effects cannot be predicted on the basis of

existing knowledge. In several instances, strength increases have been

reported that cannot be explained solely on the basis of water removal and

consolidation during electrical treatment. It is not improbable that elec-

trokinetic stabilization could result in improved bearing strengths that

would satisfy the requirements for limited traffic operations. Perhaps

it would be of even greater benefit in increasing strength if electrical

drainage were accompanied by periodic applications of additional consolida-

tion loads such as mechanical compaction, Even assuming that only a modest

improvement in bearing strength can be achieved electrokinetically, the

severity of the initial scil condition would be lessened, suggesting the

Possibility of a more effective follow-up stabilization involving the use

of additives. Although no reports of studies of this approach have been

found, the use of electrical energy to assist in the distribution and in-

corporation of stabilizing additives and to aid the reaction processes is

an interesting possibility.
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44. Another suggested application of electrokinetic stabilization upi

might involve tne use of prefabricated metal landing mat surfacing as the of!

anode with a series of cathodes embedded alongside or, perhaps, buried c8A

horizontally at some depth beneath the surface. Thus, it might be possi- be

ble to improve the bearing capacity of the soil under the metal mat, which exi

would increase the mat-carrying ability or reduce the specified require- it

ments of the metal mat itself. onl

ete

Suggestions for Needed Research fiq

45. All of the preceding suggested applications of electrokinetic med

stabilization represent unique and untested approaches to the problem of men"

improving the mobility of the military forces. Based on the review of the

previous work and investigations performed to date, it is apparent that cor

much remains to be learned about the science of stabilization by electrical of I

treatment. Primarily as a result of the efforts of relatively few in- proc

vestigators new dimensions have been added to a science still in its in- in t

fancy. Although demonstrated by several successful field applications to time
be technically sound and economically feasible for certain situations, prov
electrokinetic stabilization methods are frequently overlooked or re- In t
jected in favor of more time-tested techniques. Consequently, it is selv

virtually impossible to predict with certainty whether electrokinetic inpu
methods are capable of satisfying even a portion of the problems of mili- of a'
tary soil stabilization, since no major effort has ever been expended with mand
this specific application in mind. Thus, it becomes apparent that an ob-
Jective appraisal of electrokinetic techniques for military stabilization sear(

purposes can be made only from investigation of these methods both in the capal

laboratory and in the field. In view of this, generalized suggestions are stabJ
offered concerning areas of research that might provide a basis for a pro- nique
gram to determine the full potential of electrical treatment for military lishe

soil stabilization purposes.

46. Although theories such as those of Helmholtz or Schmid are avail-

able to describe quantitatively the phenomenon of electroosmotic flow,

their verification and applicability to specific field engineering problems
remain to be establis1.2d. These concepts are, to a large extent, dependent

..................... =.=-
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upon knowledge of factors that must be estimated or derived indirectly,

often with sufficient error to cause misinterpretation of results. Be-
cause of this, it is suggested that perhaps a more suitable approach might

be to attempt to derive empirical relations, within the framework of the

existing theories, to afford quantitative expressions for electroosmotlis.

It is possible that simplified relations may be determined, applicable

only to specific situations, that are expressible in terms of soil param-

eters that can be measured directly both in the laboratory and in the

field.

47. Equally important and necessary are studies to clarify the
mechanics and contributions of the electrokinetic phenomena to the develop-

ment of strength or improved bearing capacity of soils. In this regard,

the influence of soil characteristics. both physical and chemical, must be

considered in terms of their response to electrical treatment. Knowledge

of the contribution of ion exchange reactions, or perhaps the effect of

processes involving the incorporation of supplementary cementing materials,
1.

in the improvement of soil stability would be desirable. The influence of
time must be considered, and studies must be conducted to attempt to im-

prove the rates at which stabilization can be accomplished electrically.

In this respect, the effects of variables relating to the processes them-

selves, such as electrode types, spacings, and shapes, as well as power

input and operational methods, should be determined. The possible benefit

of supplementary consolidation to implement strength improvement also de-

mands consideration.

48. A test program incorporating the above-suggested areas of rc-

search would have as its primary objective the determination of the maximum

capability of electrokinetic methods to satisfy a specific military soil

stabilization problem. Only by undertaking such a program can the tech-

niques be evaluated and their full potential for the military be estab-

lished beyond speculation.

22896
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